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Abstract
The widespread application of fertilizers has greatly influenced many processes and proper-
ties of agroecosystems, and agricultural fertilization is expected to increase even further in
the future. To date, most research on fertilizer impacts has used short-term studies, which
may be unrepresentative of long-term responses, thus hindering our capacity to predict
long-term impacts. Here, we examined the effects of long-term fertilizer addition on key eco-
system properties in a long-term grassland experiment (Palace Leas Hay Meadow) in which
farmyard manure (FYM) and inorganic fertilizer treatments have been applied consistently
for 120 years in order to characterize the experimental site more fully and compare ecosys-
tem responses with those observed at other long-term and short-term experiments. FYM
inputs increased soil organic carbon (SOC) stocks, hay yield, nutrient availability and acted
as a buffer against soil acidification (>pH 5). In contrast, N-containing inorganic fertilizers
strongly acidified the soil (<pH 4.5) and increased surface SOC stocks by increasing the C
stored in the coarse (2.8 mm-200 μm) and fine (200–50 μm) fractions. Application of N fertil-
izers also reduced plant species richness and the abundance of forbs and legumes. Overall,
our results were broadly consistent with those observed in other very long-term studies (the
Park Grass and Steinach Grassland experiments) in that fertilization effects on plant and
soil properties appeared to be driven by differences in both nutrient input and changes to
soil pH. We also established that the direction of long-term fertilization effects tended to be
comparable with short-term experiments, but that their magnitude differed considerably,
particularly where ammonium sulphate-induced acidification had occurred. We therefore
conclude that short-term studies are unlikely to possess the required timeframe to accu-
rately predict long-term responses, thus necessitating the use of long-term study sites.
Such experiments should be strategically established in regions where future fertilizer use is
expected to increase rapidly.
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Introduction
Over the last century, agricultural production and a growing human population have become
heavily dependent on the use of fertilizers. Key technological developments at the turn of the
20th century supported this, most notably the Haber-Bosch process, resulting in >10-fold
increase in the use of reactive nitrogen (N) over the past 150 years [1]. World fertilizer con-
sumption projections suggest this pattern in fertilizer use is unlikely to diminish, with 263 mil-
lion tonnes of fertilizer expected to be used annually by 2050, an approximate total increase of
60 million tonnes on the present day [2].
The critical contribution that fertilizer application has made in increasing plant productiv-
ity, and consequently agricultural yields, has long been recognized [3, 4]. However, the provi-
sion of plant-growth limiting nutrients has had wide ranging consequences for many key
ecosystem processes and services beyond simply increasing aboveground biomass, including
dramatic alterations of plant and soil communities and the processes they control [5–8].
Fertilizer-induced changes to soil properties are numerous and include changes in soil
nitrogen cycling [9] and the stocks of soil organic carbon (SOC) found in a range of size and
density fractions [10, 11]. Fertilizer additions also often result in a decline in plant species rich-
ness [12, 13] and changes in community structure and functional composition [12, 14]. These
aboveground changes are accompanied by changes to the microbial community, with effects
on soil enzyme activity [15], microbial biomass [16, 17] and microbial composition [18, 19].
Fertilizer-induced shifts to ecosystem functions and services have led to questions about the
sustainability of current and future agricultural fertilizer management [20–22], due to prob-
lems including; widespread nutrient leaching, groundwater contamination, eutrophication,
biodiversity declines and soil acidification. Assessing this potential risk is particularly pertinent
in developing countries where fertilizer use per hectare is expected to increase in order to pro-
vide food for larger and wealthier populations [23]. Furthermore, despite the fact that in many
parts of the developed world, fertilization has been regular practice for many decades, the
long-term impacts of this practice have not been fully quantified due to the difficulty in obtain-
ing reliable data on historic rates of addition.
Uncertainty regarding the long-term impacts of fertilizer addition upon ecosystems has
partially arisen from a general reliance on relatively short-term experimental studies (typically
<10 years) e.g. [15, 24, 25]. While understanding the short-term impacts of fertilization is rele-
vant in situations where management practices are changing i.e. in rotational cropping systems
or areas of the developing world where fertilizers are only now starting to be applied, these
effects may not be representative of the long-term response of sites remaining under intensive
management. As an increase in the number of repeatedly fertilized sites is expected in the
future, it may therefore be misleading to extrapolate the effects from short-term studies when
predicting long-term ecosystem responses. Ecosystem properties have been shown to take
decades to stabilize in response to fertilization [26, 27], meaning that short-term studies can be
unrepresentative of long-term responses. While studies that compare differences in ecosystem
properties between short- and long-term experiments are scarce, inconsistencies are likely to
exist. This may include a failure to detect critical environmental thresholds, beyond which
change in ecosystem properties have been shown to be dramatic [28] or gradual species adap-
tations, such as those evidenced in Anthoxanthum odoratum species, both of which were iden-
tified at the very long-term Park Grass experiment (160 years) [27]. In addition, transient
effects of fertilization on soil C storage may be observed in short-term studies in labile soil C
fractions, yet the influence on the more stable C fractions which possess a longer turnover
time [29] may only be detected using long-term experiments. Variation between short- and
long-term studies may also occur as the magnitude of fertilization effects may differ depending
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on the length of the experiment. For example, the reduction in the microbial biomass abundance
was shown to be greater over longer periods of N fertilization [16], a pattern which short-term
experiments would be unlikely to detect. In addition, observational studies can also deliver
potentially misleading results due to confounding management effects, e.g. the strong association
between increased fertilizer inputs and other components of agricultural intensification [30].
The use of long-term field experiments is consequently of great value. However, the number of
long-term ecological studies is very low [27], thus making it hard to draw general conclusions.
In the very few studies that have examined the impacts of long-term fertilization, strong
shifts in ecosystem properties are attributed to differences in both the provision of nutrients
and soil pH. For instance, in both the Park Grass and the Steinach Grassland (83 years) experi-
ments, plant species richness is not only negatively affected by increased biomass production
in response to increased nutrient supply, but also by intense acidification following the addi-
tion of ammonium sulphate fertilizer which causes the exclusion of species unable to tolerate
highly acidic conditions [27, 31, 32]. In terms of soil properties, concentrations of plant avail-
able nutrients are increased by the application of N, P and K containing fertilizers and reduced
via uptake by the aboveground biomass [33]. However, nutrient availability is also mediated
by differences in soil pH, whereby the nutrient content is reduced in acid soils [34]. Up to
now, it has not been established if these long-term trends are general responses of grasslands
to fertilization.
To address this, we carried out a comprehensive evaluation of the ecosystem responses of
grassland to very long-term fertilizer addition using Palace Leas Hay Meadow; the second old-
est continuous grassland experiment in the world [35]. The experiment was established in
1896 to identify means of improving grassland yield and aftermath growth using fertilizers,
liming materials and manures. However, numerous other parameters have been measured
subsequently [35–38]. Previous research at the site has involved the study of long–term treat-
ment effects on above- and below-ground properties, but studies have tended to report the
effects on only a small number of plant and soil properties, and this has been done separately
[39, 40] and from an inconsistent set of available plots. The overarching aim of this study was
to characterize the responses of a wide range of soil and plant properties i.e. hay yield, plant
community composition and soil chemical properties (pH, available P and K and SOC stocks),
to long-term fertilizer application in order to (i) establish the Palace Leas experiment as a plat-
form for more specific future research (e.g. into the mechanisms underlying these responses,
and as a data-set to contribute to further meta-analyses) and (ii) to compare these responses to
those observed at other long-term fertilized sites and with results from short-term studies. We
hypothesized, based on previous findings from long-term experiments [27, 31, 32], that (i)
changes to plant and soil properties will be driven by direct nutrient input and via changes in
soil pH, and that (ii) responses observed at Palace Leas to fertilizer addition will be consistent
with those from other long-term grassland experiments, but differ considerably from the find-
ings of short-term studies where plant and soil properties are primarily controlled by differ-
ences in the provision of nutrients.
Materials and methods
Field site
Palace Leas Hay Meadow Experiment is located 30 km north of Newcastle upon Tyne, England
at Cockle Park Farm, (55˚13’ N, 1˚41’ W, UK National Grid Reference NZ 202912). The soil
was classified as a pelo-stagnogley (Typic Ochraqualf) from the Hallsworth series [35] and has
a clay loam texture [41] with 41% sand, 29% silt and 30% clay. Prior to the experiment, the veg-
etation at Palace Leas was permanent pasture for many years [42]. Due to its close proximity to
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 3 / 26
the farm, the field had regularly received farmyard manure (FYM). Using data from a botani-
cal survey carried out in 1897 (year 2 of the experiment), the initial grassland vegetation on all
treatment plots was matched to the National Vegetation Classification [43] community U4b
(Festuca ovina-Agrostis capillaris-Galium saxatile grassland, Holcus lanatus-Trifolium repens
sub-community) [44]. As it can take many years for grassland communities to respond to
change in management, it is reasonable to assume that Palace Leas would have been U4b
before the experiment was set up. The experiment was established in 1896 in a c. 2 ha grassland
field and was arranged as 14 parallelogram strips each c. 120 x 15 m (Fig 1). There was also a
guard strip which stretched along the southern edge of the site, parallel to the road. The estab-
lishment of the experiment predated the use of replicated experimental designs for several
decades [45], and so at Palace Leas the fertilizer treatments were not replicated or randomized.
The 14 fertilizer treatment plots consisted of five applied with varying amounts of cattle FYM,
some of which also received N, phosphorus (P) and potassium (K), eight plots that received
mineral fertilizer treatments comprising of all combinations of N, P and K fertilizers and an
unfertilized control (Table 1). The FYM was applied in February while mineral fertilizers were
applied in late March or early April. In terms of total fertilizer addition, plots treated with
FYM generally received higher rates of nutrient application than those treated with mineral
fertilizer (Table 1). The experiment has remained under constant management since 1896
with the exception of plot 14 (HNPK), which was added in 1976 and received a higher rate of
N, P and K (Table 1), typical of modern fertilizer management. Among the treatment plots
that were applied with mineral fertilizer only, those that received N did so in the form of
ammonium sulphate ((NH4)2SO4), with the exception of HNPK which received ammonium
nitrate (NH4NO3). Where both FYM and mineral fertilizer was applied, mineral fertilizer N
was a 50:50 split of ammonium sulphate and sodium nitrate (NaNO3). The form of K applied
throughout the experiment was muriate of potash (KCl). The only change to the existing treat-
ments throughout the history of the experiment was the form of P applied, which was modified
in 1976 from basic slag [(CaO)5 P2O5 SiO2] to triple superphosphate (Ca(H2PO4)2
.H2O) as the
phosphate content in slag was becoming too variable. An annual hay cut was taken in July
since the start of the experiment in order to determine hay yield in each treatment plot. Cattle
or sheep were allowed to graze freely the post-cut aftermath growth in late summer and again
briefly in winter which allowed for the potential transfer of nutrients via dung across the site.
Permission for sampling was granted by the School of Agriculture, Food and Rural Develop-
ment at Newcastle University. No endangered or protected species were involved in the study.
Soil sampling
Soil samples were collected in September 2013 from all 14 plots at four replicate positions
across each plot; 15 m (A), 45 m (B), 75 m (C) and 105 m (D) (Fig 1). Five cores (5 cm depth, 5
cm diam.) were collected within 30 cm of each replicate sampling point at 0–5 cm and 5–10
cm depths using a manual borer. Soil cores taken from the same depth and sampling point
were bulked and homogenized. In plots 7 and 11 the presence of a 6 cm deep organic surface
layer [47], which was absent in other plots, meant that cores were also taken from this O hori-
zon and at 0–5 cm and 5–10 cm from the mineral soil below.
Soil properties
Soil pH was determined using a 1:2.5 soil-water suspension. Soil water content and bulk den-
sity were determined by oven drying 10 g (2.8 mm sieved) of moist soil at 105˚C. Total soil C
and N concentrations were determined on a 0.1 g (dry weight equivalent; DW) sample via dry
combustion using a Vario Macro Cube (Elementar, Hanau, Germany) and converted to kg C
Ecosystem responses to long-term fertilization
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and N per m2 by multiplying the C and N concentrations by the bulk density and the thickness
of the soil layer.
Fig 1. Palace Leas Hay Meadow Experiment layout. Illustration in plot 5 of how the treatment plots were
divided into the four blocks; A-D. The length (northern edge) and individual treatment plots widths (eastern
and western edge) are labelled in the diagram.
https://doi.org/10.1371/journal.pone.0174632.g001
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A modified wet sieving method was used to measure C concentration in the soil particle-
size fractions [48]. In brief, 10 g (DW) of each soil sample was mixed with 50 ml of deionized
water, agitated for 16 h with glass beads and the solution was poured through a series of sieves
(2.8 mm, 200 μm and 50 μm meshes). Each of the soil samples were sieved by hand for 30 min,
the remaining solutions (<50 μm) were vacuum filtered through 0.45 μm membrane filters to
isolate the very fine fraction from dissolved organic C. All fractions were dried at 40˚C until
constant weight was obtained. The 2.8 mm-200 μm (coarse carbon fraction) and 200–50 μm
(fine carbon fraction) fractions were weighed while the weight of the 50–0.45 μm (very fine
carbon fraction) was obtained from the sum of the coarse carbon and fine carbon fractions
subtracted from the initial soil mass (10 g). Soil fractions were then ground in a ball mill. The
C concentration of each fraction was determined on a 0.1 g dried sample via dry combustion
using a Vario Macro Cube and transformed into stocks (kg C per m2) using the same calcula-
tion as used for total C and N stocks.
Available P was extracted using the Olsen-P method [49] and analyzed using molybdate-
blue colour determination [50]. Exchangeable K was extracted using 1 mol L-1 ammonium
nitrate solution and determined using flame photometry [51]. Exchangeable Al was deter-
mined via a 1 mol L-1 KCl extraction, a titration using 0.01 mol L-1 NaOH and a back titration
using 0.01 mol L-1 HCl [52].
Plant analysis
The annual hay cut was taken in early July, a 10 m2 sample was obtained from the middle of
each block (A-D) of each treatment plot, at the same position as where the soil samples were
collected. From this a fresh sub sample was taken, dried at 80˚C for 24 h and reweighed to
Table 1. Details of the fertilizer treatments at Palace Leas Hay Meadow Experiment.
Plot
number
Treatment Details Total nutrient
addition
(kg ha-1 y-1)
C N P K
1 FYM
+ NPK
20 t ha-1 farm-yard manure, 17 kg N ha-1, 30 kg P ha-1 and 34 kg K ha-1 of inorganic fertilizer applied
annually
800 137 94 194
2 FYM 20 t ha-1 farm-yard manure applied annually 800 120 64 160
3 FYM
+ NPK
20 t ha-1 farm-yard manure applied in year 1 and 17 kg N ha-1, 30 kg P ha-1 and 34 kg K ha-1 of inorganic
fertilizer applied in year 2
400 69 47 97
4 FYM 20 t ha-1 farm-yard manure applied every other year 400 60 32 80
5 FYM
+ NPK
40 t ha-1 farm-yard manure applied in year 1 and 17 kg N ha-1, 30 kg P ha-1 and 34 kg K ha-1 of inorganic
fertilizer applied in years 2, 3 and 4
400 73 55 106
6 Control No fertilizer applied 0 0 0 0
7 N 35 kg N ha-1 of inorganic fertilizer applied annually 0 35 0 0
8 P 60 kg P ha-1 of inorganic fertilizer applied annually 0 0 60 0
9 K 67 kg K ha-1 of inorganic fertilizer applied annually 0 0 0 67
10 NP 35 kg N ha-1 and 60 kg P ha-1 of inorganic fertilizer applied annually 0 35 60 0
11 NK 35 kg N ha-1and 67 kg K ha-1 of inorganic fertilizer applied annually 0 35 0 67
12 PK 60 kg P ha-1 and 67 kg K ha-1 of inorganic fertilizer applied annually 0 0 60 67
13 NPK 35 kg N ha-1, 60 kg P ha-1 and 67 kg K ha-1 of inorganic fertilizer applied annually 0 35 60 67
14 NPK 100 kg N ha-1, 66 kg P ha-1 and 100 kg K ha-1 of inorganic fertilizer applied annually 0 100 66 100
Total carbon and nutrient addition was calculated as the average over a 4 year period and included nutrient content in the FYM and inorganic fertilizer. Total
nutrient content in the cattle FYM was estimated using the DEFRA Fertiliser Manual (RB209) [46], typical totals for each nutrient = 6 kg N t-1, 3.2 kg P t-1 and
8 kg K t-1 (fresh weight). The approximate C content of FYM added to plots was estimated assuming FYM is c.40% C when dry [35].
https://doi.org/10.1371/journal.pone.0174632.t001
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determine dry matter yield. Hay yield data (recorded from 1896–2015) is stored in the Palace
Leas archive, a data repository containing all recorded data from the experiment. Long-term
mean hay yield for each of the 14 fertilizer treatment plots was determined using archived data
from 1976–2015. For the years 1982, 1985 and 1997, replicate block hay yield values were not
recorded, only plot level mean yields were available (S1 Dataset). An 80 g (DW) sample from
the 2015 hay cut from each replicate sampling point was milled to a fine homogenized powder
and a 0.1 g subsample was analyzed for C and N concentrations using the aforementioned
Vario Macro Cube.
On 5th June 2015 a full botanical survey was undertaken at the site. In each treatment plot,
quadrats were laid out at four points which approximately corresponded to the same location
at which soil samples were obtained (A, B, C and D; Fig 1). An additional quadrat was taken in
the middle of the plot (between B and C) so that five quadrats were available to allow reliable
classification of the vegetation according to the UK National Vegetation Classification (NVC).
Percentage cover for all vascular plants and bryophytes was recorded for a 1 m2 quadrat at
each point. Species present at<1% cover were recorded as 0.1%.
Data analysis
Measured soil and plant parameters from the four sampling points of each plot were kept sepa-
rate to give four replicates per plot. One-way ANOVA was then used to compare differences in
the measured soil and plant parameters between treatment plots, rather than between replicated
treatments, as would be typical in modern replicated and randomized field trials. Significant dif-
ferences between treatment plots were tested using Tukey’s post-hoc comparisons of means at
significance level P<0.05. Before ANOVA was performed, data was checked for normality and
equal variance, data was log-transformed where necessary. Where the criteria for ANOVA
could not be met by transformation (Olsen-P, exchangeable K, exchangeable Al, SOC at 5–10
cm, legume cover and bryophyte cover), Kruskal-Wallis tests followed by Dunn’s test for multi-
ple comparisons with Bonferroni corrections were performed. The O horizon results from plots
7 and 11 were omitted from ANOVA (see S1 Table). Pearson correlation coefficient was used to
explore relationships between soil and vegetation properties. ANOVA, Kruskal-Wallis tests and
Pearson correlation coefficients were computed using R version 3.2.1 [53].
Principal components analysis (PCA) was performed using Canoco version 4.5 and Cano-
draw [54] to identify the major patterns among the plant species. Treatment plot numbers and
environmental data, including selected soil and plant parameters, were overlain on the ordina-
tion biplot to help explain trends in plant species abundance. Plant species richness was mea-
sured as the total number of vascular and non-vascular plant species present in each quadrat.
Plant and bryophyte species were grouped into four functional groups; grasses (including
sedges and rushes), legumes, forbs and bryophytes. One-way ANOVA was used to assess fertil-
izer treatment plot effects on the cover of the functional groups and plant species richness.
For the NVC, five quadrats from each treatment plot of the botanical survey were combined
for analysis. Doing this accounted for the patchiness of the vegetation due to ridge and furrow
originating from historic cultivation at the site. The fit of each plot to defined sub-communities in
the NVC was then calculated using TableFit version 2 [55], and published descriptions [43].
Results
Soil properties
Soil pH. Soil pH ranged from 3.17 to 5.72 in the soil at 0–5 cm, 5–10 cm and in the O
horizon (Fig 2A and 2B, S1 Table). Soil pH differed significantly between fertilizer treatment
plots; plots applied with FYM (10 and 20 t ha-1) had significantly higher pH (range 4.94–5.72)
Ecosystem responses to long-term fertilization
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than those receiving mineral fertilizer (range 3.17–4.93), with the exception of the plots treated
with P (plot 8) and PK (plot 12) at 5–10 cm (Fig 2A and 2B, S1 Table). Soil pH decreased with
depth in plots where FYM was applied (plot 1–5) and in the control (plot 6) but increased with
depth in plots applied with mineral fertilizer only (plot 7–14), with the exception of PK (Fig
2A and 2B), thus indicating acidifying effects of mineral fertilizers and neutralising effects of
FYM on topsoil.
Olsen-phosphorus. Olsen-P was higher in plots applied with FYM and soils applied with
mineral P fertilizer. In plots where FYM was applied at a higher rate (plot 1 and 2; 20 t FYM
ha-1), Olsen-P was significantly higher than in the N only (plot 7), K only (plot 9), NK (plot 11)
treated plots or the control at both 0–5 cm and 5–10 cm (Fig 2C and 2D). At 0–5 cm in the
plot treated with the high rate of NPK (HNPK, plot 14) Olsen-P was comparable (49.09 mg
P kg-1) to that of soils in plots receiving FYM (range 32.22–96.95 mg P kg-1), however, it decreased
4-fold at 5–10 cm and was not significantly different from plots not applied with P. Such decreases
in Olsen-P with depth were less pronounced in plots receiving FYM (Fig 2C and 2D).
Exchangeable potassium. The treatment plots receiving FYM and K only had the highest
exchangeable K and were significantly higher than the N only treated plot at 0–5 cm (Fig 2E).
Fig 2. Effect of fertilizer treatment plot on (a) soil pH at 0–5 cm, (b) soil pH at 5–10 cm, (c) Olsen-P at
0–5 cm, (d) Olsen-P at 5–10 cm, (e) exchangeable K at 0–5 cm and (f) exchangeable K at 5–10 cm. Error
bars represent ±1 standard error of the treatment plot mean and contrasting letters denote significant
differences between treatment plots. H is the Kruskal-Wallis test statistic.
https://doi.org/10.1371/journal.pone.0174632.g002
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Conversely at 5–10 cm, the plots that received the higher rate of FYM only (plot 2) and K only
had significantly higher exchangeable K than the plot that received N only (Fig 2F). Similar to
Olsen-P, exchangeable K decreased considerably in the HNPK treatment plot at 5–10 cm
(62.31 kg K ha-1), only the N treated plot (32.26 kg K ha-1) had lower exchangeable K (Fig 2F).
Exchangeable aluminium. Exchangeable Al was higher in the mineral fertilized plots.
Soils receiving N only and NK had significantly higher exchangeable Al (range 31.60–47.83
mmol kg-1) than soils receiving FYM (range 0–1.12 mmol kg-1) at both 0–5 and 5–10 cm, with
the exception of the plot applied with FYM every other year (plot 4) at 5–10 cm. In the plot
receiving the higher rate of FYM only, exchangeable Al was absent at both 0–5 and 5–10 cm
(Tables 2 and 3).
Soil organic carbon stocks. SOC stocks were highest at low pH in the O horizon of the N
and NK treated plots (3.69 and 3.59 kg C m-2, respectively; Fig 3A). At 0–5 and 5–10 cm, SOC
stocks were higher in plots applied with FYM (range 2.70–3.22 kg C m-2 and 2.27–2.66 kg C
m-2, respectively) than plots where only mineral fertilizer was applied (range 2.21–2.61 kg C
m-2 and 1.68–2.35 kg C m-2 respectively; Fig 3A and 3B). SOC stocks were significantly higher
in the plot treated with FYM at a higher rate with NPK than plots receiving N only, P only, NK
and the lower rate of NPK (LNPK, plot 13) at both 0–5 and 5–10 cm (Fig 3A and 3B). There
was a decrease in SOC stocks with depth in all plots except in the PK (+2%) treated plot. The
largest reductions in SOC stocks between 0–5 cm and 5–10 cm were in the N, NK and HNPK
plots (mean = -24%; (Fig 3A and 3B).
In total, 97% (±1.51) of SOC was recovered in particle-size fractionation from 0–5 cm,
5–10 cm and the O horizon. The very fine carbon fraction (50–0.45 μm) contained 52% of
the total C stock with 39% and 9% in the fine carbon fraction (200–50 μm) and coarse carbon
fractions (2 mm-200 μm), respectively. The HNPK plot had significantly higher coarse C frac-
tion stocks at 0–5 cm (0.68 kg C m-2) than the N only and NK treated plots and plots receiving
both FYM and NPK (plot 1, 3 and 5; Table 2). Similarly, in the other two very acidic N only
and NK treatment plots, coarse fraction C stocks were high in the surface O horizon (1.17 and
0.50 kg C m-2, respectively; S1 Table). Plots treated with the higher rate of FYM had the highest
fine carbon fraction stocks (range 0.74–1.66 kg C m-2), conversely the acidic N only and NK
treated soils had significantly lower fine fraction stocks (range 0.20–0.78 kg C m-2) than plots
receiving higher rates of FYM at both 0–5 and 5–10 cm (Tables 2 and 3). Very fine fraction C
stocks were higher in FYM amended plots (range 1.21–1.55 kg C m-2) and the acidic N only
and NK treated soils (range 1.44–1.62 kg C m-2) at 0–5 cm (Table 2), however, dissimilar to all
other treatment plots very fine fraction C stocks decreased between 0–5 cm and 5–10 cm in
the N only and NK plots and were significantly lower than soils receiving the higher rate of
FYM only at 5–10 cm (Table 3).
Total nitrogen stocks and soil C/N. Total nitrogen stocks differed strongly between treat-
ment plots (Tables 2 and 3) and followed a very similar pattern to SOC as they were highly
positively correlated (r = 0.91, P<0.001 at 0–5 cm, r = 0.76, P<0.001 at 5–10 cm). Soils with
higher rates of FYM application contained significantly more total N (0.28 kg N m-2) than soils
with mineral fertilizer applied and the control at 0–5 cm (range 0.13–0.23 kg N m-2; Table 2),
whilst at 5–10 cm only the plot treated with FYM at a higher rate with NPK contained signifi-
cantly more total N (0.23 kg N m-2) than soils applied with mineral fertilizer and the control
(range 0.11–0.21 kg N m-2; Table 3). At 0–5 and 5–10 cm, the N only (0.15 and 0.11 kg N m-2,
respectively) and NK (0.13 and 0.11 kg N m-2, respectively) treated plots had significantly
lower total N than all plots treated with FYM (0–5 cm range 0.22–0.28 kg N m-2, 5–10 cm
range 0.19–0.23 kg N m-2; Tables 2 and 3). In HNPK, 70% of the total N was found in the top 5
cm (0.21 kg N m-2); similar to the pattern observed in the N only and NK, in which N was con-
siderably higher in the O horizon (0.24 and 0.31 kg N m-2, respectively; S1 Table). The acidic
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N only and NK treated plots also had significantly higher soil C/N (15.38 and 16.23, respec-
tively) than those plots receiving FYM (range 11.00–12.32) at 0–5 cm but soil C/N did not dif-
fer significantly between plots at 5–10 cm (range 11.53–15.73; Tables 2 and 3).
Plant properties
Hay yield and hay C/N. Mean hay yield across years (1976–2015) and hay C/N ratio dif-
fered significantly between fertilizer treatment plots (Fig 4A; Table 4). Hay yield was highest in
plots applied with FYM and with the exception of HNPK (6.69 t ha
-1) was significantly higher
Table 2. Total nitrogen content, soil carbon to nitrogen ratio (C/N), coarse fraction carbon stocks, fine fraction carbon stocks, very fine fraction
carbon stocks and exchangeable Al for the Palace Leas plots at 0–5 cm depth.
Plot
number
Treatmenta Total nitrogen
content (kg N
m-2)b
Soil C/Nb Coarse fraction
carbon stocks (kg C
m-2)b
Fine fraction
carbon stocks (kg
C m-2)b
Very fine fraction
carbon stocks (kg C
m-2)b
Exchangeable Al
(mmol kg-1)c
1 FYM+ NPK 0.28 (0.01) a 11.44
(0.20) ef
0.17 (0.04) b 1.66 (0.25) a 1.21 (0.07) abcdef 0.00 (0.00) c
2 FYM 0.28 (0.01) a 11.00
(0.08) f
0.22 (0.02) ab 1.58 (0.26) a 1.55 (0.12) ab 0.00 (0.00) c
3 FYM + NPK 0.23 (0.02) ab 12.32
(0.30) def
0.20 (0.04) b 1.08 (0.22) ab 1.34 (0.09) abcde 0.75 (0.43) bc
4 FYM 0.22 (0.01) abc 12.05
(0.34) def
0.22 (0.05) ab 1.09 (0.10) ab 1.37 (0.11) abcd 0.74 (0.43) bc
5 FYM + NPK 0.23 (0.01) abc 12.10
(0.49) def
0.20 (0.04) b 1.61 (0.22) a 1.30 (0.05) abcdef 0.12 (0.12) bc
6 Control 0.17 (0.01) bcde 13.49
(0.27)
bcde
0.15 (0.02) b 1.25 (0.24) ab 0.92 (0.09) def 4.12 (0.31) abc
7 N 0.15 (0.01) de 15.38
(0.81) ab
0.18 (0.08) b 0.75 (0.06) b 1.62 (0.14) a 47.83 (1.07) a
8 P 0.18 (0.01) bcde 12.74
(0.42)
cdef
0.24 (0.10) ab 1.16 (0.11) ab 1.07 (0.08) cdef 4.62 (0.24) abc
9 K 0.17 (0.01) bcde 14.62
(0.39) abc
0.35 (0.07) ab 1.31 (0.14) ab 0.85 (0.08) f 12.70 (1.85) abc
10 NP 0.17 (0.01) bcde 13.38
(0.15)
bcde
0.30 (0.13) ab 1.09 (0.12) ab 1.00 (0.03) cdef 18.68 (0.48) abc
11 NK 0.13 (0.02) e 16.23
(0.55) a
0.16 (0.04) b 0.78 (0.06) b 1.44 (0.15) abc 42.03 (4.42) a
12 PK 0.17 (0.02) cde 13.54
(0.51)
bcde
0.26 (0.13) ab 0.96 (0.22) ab 1.13 (0.04) bcdef 3.99 (0.79) abc
13 NPK 0.16 (0.01) de 13.96
(0.60) bcd
0.28 (0.06) ab 1.06 (0.06) ab 0.90 (0.04) ef 19.84 (1.79) abc
14 NPK 0.21 (0.01) bcd 13.91
(0.52) bcd
0.68 (0.11) a 1.50 (0.23) a 0.88 (0.09) ef 31.11 (2.01) ab
F13,42 12.96 11.13 2.23 2.67 7.88 n/a
H n/a n/a n/a n/a n/a 52.99
Significance *** *** * ** *** ***
a see Table 1 for fertilizer treatment details.
b denotes effect significance determined by ANOVA and Tukey’s post-hoc comparisons of means.
c denotes effect significance determined by Kruskal-Wallis tests and Dunn’s test for multiple comparisons. H is the Kruskal-Wallis test statistic. Significance
at P<0.001;***, P<0.01;**, P<0.05;*. Contrasting letters denote significant differences between treatment plots. n/a indicates not applicable.
https://doi.org/10.1371/journal.pone.0174632.t002
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(range 6.37–8.15 t ha-1) than where only mineral fertilizer was applied (range 2.73–6.69 t ha-1) or
in the control plot (3.17 t ha-1). Hay yield was significantly higher in the plot treated with FYM at
a higher rate with NPK (plot 1) than all other plots with the exception of the plot that received the
high rate of FYM only (plot 2). The K only treated plot had the lowest hay yield, producing less
than half of the biomass grown by plots receiving FYM or the HNPK (Fig 4A). Despite notable
long-term differences in hay yield between plots applied with FYM and those receiving only
mineral fertilizer, at the beginning of the experiment there was only relatively small differences
between the treatment plots (Fig 5). Hay C/N was significantly lower in the HNPK than in the NP
(plot 10), P only, control, FYM every other year and PK treatment plots (Table 4).
National vegetation classification. Fertilizer treatment plots were matched to one of two
broad NVC categories; mesotrophic grasslands (MG) or calcifugous grassland communities
Table 3. Total nitrogen content, soil carbon to nitrogen ratio (C/N), coarse fraction carbon stocks, fine fraction carbon stocks, very fine fraction
carbon stocks and exchangeable Al for the Palace Leas plots at 5–10 cm depth.
Plot
number
Treatmenta Total nitrogen
content (kg N m-
2)b
Soil C/
Nb
Coarse fraction
carbon stocks (kg C
m-2)b
Fine fraction
carbon stocks (kg C
m-2)b
Very fine fraction
carbon stocks (kg C
m-2)b
Exchangeable Al
(mmol kg-1)c
1 FYM+ NPK 0.23 (0.02) a 11.53
(0.80)
0.08 (0.02) 0.74 (0.11) a 1.54 (0.24) ab 0.25 (0.25) c
2 FYM 0.21 (0.01) ab 13.03
(1.66)
0.07 (0.01) 0.76 (0.11) a 1.62 (0.15) a 0.00 (0.00) c
3 FYM + NPK 0.19 (0.01) abc 12.91
(0.93)
0.07 (0.01) 0.41 (0.05) ab 1.42 (0.06) ab 1.12 (1.12) c
4 FYM 0.21 (0.01) ab 13.86
(0.97)
0.06 (0.01) 0.53 (0.04) ab 1.51 (0.08) ab 0.87 (0.51) bc
5 FYM + NPK 0.21 (0.01) ab 11.73
(0.27)
0.08 (0.02) 0.53 (0.02) ab 1.51 (0.08) ab 0.50 (0.29) c
6 Control 0.17 (0.01) bc 13.26
(0.38)
0.09 (0.02) 0.44 (0.11) ab 1.34 (0.09) ab 12.71 (0.93) abc
7 N 0.11 (0.01) d 15.04
(0.51)
0.11 (0.04) 0.22 (0.02) b 1.08 (0.08) b 33.97 (3.30) a
8 P 0.16 (0.01) bc 12.80
(1.11)
0.06 (0.02) 0.48 (0.05) ab 1.41 (0.08) ab 3.11 (0.71) abc
9 K 0.16 (0.01) bc 14.87
(0.52)
0.06 (0.01) 0.60 (0.15) ab 1.41 (0.16) ab 16.79 (2.81) abc
10 NP 0.16 (0.01) bc 15.23
(1.76)
0.06 (0.01) 0.44 (0.07) ab 1.48 (0.05) ab 11.90 (1.25) abc
11 NK 0.11 (0.01) d 14.97
(0.28)
0.14 (0.04) 0.20 (0.01) b 1.13 (0.07) b 31.60 (1.44) ab
12 PK 0.16 (0.01) bc 15.73
(1.53)
0.05 (0.01) 0.47 (0.10) ab 1.23 (0.03) ab 5.72 (1.16) abc
13 NPK 0.15 (0.01) cd 14.61
(1.00)
0.07 (0.01) 0.50 (0.11) ab 1.11 (0.17) b 14.66 (1.89) abc
14 NPK 0.14 (0.01) cd 15.29
(1.84)
0.07 (0.01) 0.49 (0.08) ab 1.30 (0.03) ab 31.67 (3.99) ab
F13,42 13.89 1.77 1.29 3.40 2.30 n/a
H n/a n/a n/a n/a n/a 51.44
Significance *** 0.08 0.26 ** * ***
a see Table 1 for fertilizer treatment details.
b denotes effect significance determined by ANOVA and Tukey’s post-hoc comparisons of means.
c denotes effect significance determined by Kruskal-Wallis tests and Dunn’s test for multiple comparisons. H is the Kruskal-Wallis test statistic. Significance
at P<0.001;***, P<0.01;**, P<0.05;*. Contrasting letters denote significant differences between treatment plots. n/a indicates not applicable.
https://doi.org/10.1371/journal.pone.0174632.t003
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(U). Plots where FYM was applied, the control and P only treatment plots were classified as
mesotrophic grasslands, but their closest fit was to two different NVC communities. Those
plots receiving FYM were closest to MG7d (Lolium perenne—Alopecurus pratensis grassland),
which is typical of hay meadows on fertile, moist soils. In contrast, the control and the P
only treatment plots were closest to MG5a (Cynosurus cristatus - Centaurea nigra grassland,
Lathyrus pratensis sub-community), which is typical of traditionally managed grazed hay
meadows (Table 4). Where plots were applied with mineral fertilizers, with the exception of
the P only plot, the plant community most closely resembled the type initially found at the site
Fig 3. Effect of fertilizer treatment plot on (a) soil organic carbon stocks at 0–5 cm and (b) soil organic
carbon stocks at 5–10 cm. Error bars represent ±1 standard error of the treatment plot mean and contrasting
letters denote significant differences between treatment plots. H is the Kruskal-Wallis test statistic. Filled
ellipses with error bars represent the mean and ±1 standard error for the O horizon in plots 7 (N) and 11 (NK).
https://doi.org/10.1371/journal.pone.0174632.g003
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U4b (Festuca ovina-Agrostis capillaris-Galium saxatile grassland, Holcus lanatus-Trifolium
repens sub-community), which is typical of relatively fertile but base-poor grasslands (Table 4).
Plant species cover and richness. Across the site 37 plant species were recorded, 14
grasses, 14 herbs, 7 legumes and 2 bryophytes; this included 7 species which were each only
recorded in one plot. Holcus lanatus and Rumex acetosa were present in all 14 plots, while
Anthoxanthum odoratum was recorded in 13 (Table 5).
The two dominant axes of the PCA for the percentage cover of the plant species explained
76.1% of the total variance. PC1 accounted for 60.5% of the variation in the data and was
strongly positively associated with the application of FYM (r = 0.91). The axis PC2 accounted
for 15.6% of the variation in the data and was negatively correlated with the application of
N (r = -0.55) and K fertilizer (r = -0.32) and positively correlated with P fertilizer application
(r = 0.30; Fig 6). The plant community composition was distinctly different where FYM was
applied. The abundance of the grasses Alopecurus pratensis, Bromus hordeaceus, Holcus lanatus
and Poa trivialis was positively associated with the application of FYM (Fig 6), while the per-
centage cover of herbs and legumes decreased, with the exception of the tall herb Anthriscus
sylvestris (Fig 4C and 4D).
Fig 4. Effect of fertilizer treatment plot on (a) hay yield, (b) grass cover, (c) herb cover, (d) legume
cover and (e) plant species richness. Error bars represent ±1 standard error of the treatment plot mean and
contrasting letters denote significant differences between treatment plots. H is the Kruskal-Wallis test statistic.
https://doi.org/10.1371/journal.pone.0174632.g004
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Where FYM was not applied and hay yield and soil pH was lower; there was a high abun-
dance of several less vigorous grass species; Anthoxanthum odoratum, Agrostis capillaris and
Festuca rubra (Fig 6). The mineral N fertilizer plots (N and NK) had very low plant species
richness (5 species per m2) (Fig 4E) and herb cover (0.03%), and legumes and bryophytes were
absent (Fig 4C and 4D; Table 4). In plots where neither N nor FYM was applied (6; control, 8;
P, 9; K, 12; PK), species richness was higher (range 12–18 species per m-2), as was herb (range
20.6–57.1%) and legume cover (range 9.3–17.1%) (Fig 4C–4E). The control and P only plots
had higher plant species richness (15 and 18 species per m2, respectively), herb cover (34.8 and
57.1%, respectively) and legume cover (15.6 and 17.1%, respectively) but the lowest cover of
grass species (109.1 and 102.8%, respectively) (Fig 4B–4E). In these plots the cover of herb
species Plantago lanceolata and Rhinanthus minor and legumes including Trifolium pratense
was high (Table 5). Bryophytes were only present in the control, K and NP treatment plots
(Table 5).
Discussion
Effects of long-term fertilization on soil pH and nutrient availability
Our results clearly show that very long-term fertilization (120 years) led to marked differences
in plant and soil properties between treatment plots in this grassland ecosystem. As hypothe-
sized, many of these differences appear to result from the effects of long-term fertilization on
both soil nutrient content and pH, which differed considerably between the plots. In general,
in plots where FYM was applied Olsen-P, exchangeable K and soil pH was higher than in plots
applied with mineral fertilizer, resulting in increased hay yield. In the long-term Park Grass
Table 4. Hay C/N ratio, bryophyte cover and National Vegetation Classification (NVC) in each fertilizer treatment plot.
Plot number Treatmenta Hay C/Nb Bryophyte cover (%)c NVC
1 FYM + NPK 34.71 (2.09) ab 0.00 (0.00) MG7d
2 FYM 35.24 (1.62) ab 0.00 (0.00) MG7d
3 FYM + NPK 34.60 (1.18) ab 0.00 (0.00) MG7d
4 FYM 36.06 (2.13) a 0.00 (0.00) MG7d
5 FYM + NPK 34.51 (1.58) ab 0.00 (0.00) MG7d
6 Control 36.64 (2.14) a 0.03 (0.02) MG5a
7 N 33.39 (1.47) ab 0.00 (0.00) U4b
8 P 36.96 (1.50) a 0.00 (0.00) MG5a
9 K 35.65 (1.14) a 0.25 (0.25) U4b
10 NP 36.96 (0.64) a 0.03 (0.03) U4b
11 NK 33.20 (2.22) ab 0.00 (0.00) U4b
12 PK 35.78 (2.01) a 0.00 (0.00) U4b
13 NPK 35.15 (2.56) ab 0.00 (0.00) U4b
14 NPK 26.68 (0.53) b 0.00 (0.00) U4b
F13,42 2.23 n/a n/a
H n/a 11.42 n/a
Significance * 0.58 n/a
a see Table 1 for fertilizer treatment details.
b denotes effect significance determined by ANOVA and Tukey’s post-hoc comparisons of means.
c denotes effect significance determined by Kruskal-Wallis tests and Dunn’s test for multiple comparisons. Values are means ± 1 s.e. H is the Kruskal-Wallis
test statistic. Significance at P<0.001;***, P<0.01;**, P<0.05;*, P>0.05; NS. n/a indicates not applicable. Contrasting letters denote significant differences
between treatment plots.
https://doi.org/10.1371/journal.pone.0174632.t004
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experiment, levels of Olsen-P and exchangeable K were low in soils applied with only N or the
control treatment plots. Olsen-P in these treatment plots at both sites was approximately 3–4
mg P kg-1, while on average levels of exchangeable K were higher in these treatment plots at
Palace Leas (90 mg K kg-1) than Park Grass (60 mg K kg-1) [27], potentially due to the inherent
high illite content of the soil at Palace Leas [35].
It is thought that soils receiving FYM had a higher buffering capacity to resist acidification
due to the presence of Ca2+ and Mg+ in the manure and/or the oxidation of organic anions
during manure decomposition, which go on to consume H+ ions [56]. Until now, there has
been very little evidence of an effect of FYM on soil pH in long-term field trials. This may be
due to the fact that many experiments regularly apply lime to counteract acidification (e.g.
Broadbalk and Hoosfield Barley Experiments [57]), meaning the pH buffering effect of FYM
goes undetected.
Among the mineral fertilizer treatment plots, soils receiving P but no N maintained a
higher pH than in plots where N fertilizer was applied, most likely due to the residual liming
properties of the basic slag [38, 58]. In contrast, soils receiving mineral N fertilizer had become
highly acidic, no doubt due to acidification associated with the long-term application of
ammonium-containing fertilizer [59]. The negative effects of long-term N fertilization on soil
pH have also been established at Park Grass where ammonium sulphate addition caused a c. 2
Fig 5. Changes in mean hay yield at Palace Leas for the FYM (20 t ha-1) and four ammonium sulphate-
containing fertilizer treatments for the first 5 years of the experiment (1897–1901) and the more recent
long-term average (1976–2015).
https://doi.org/10.1371/journal.pone.0174632.g005
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unit reduction in soil pH (0–23 cm) in some of the treatment plots [31]. The levels of acidity in
the N only and NK treated plots at Palace Leas and their equivalent at Park Grass (plot 1d and
18d) were very similar (Palace Leas 0–10 cm range; pH 4.1–4.2, Park Grass 0–23 cm range; pH
3.9–4.0). After 100 years of ammonium sulphate addition (in 1d and 18d) the soil pH at Park
Grass has reached a pH equilibrium [60]. Based on this we anticipate a similar situation in the
N only and NK treated plots at Palace Leas, with a further dramatic decline in soil pH unlikely.
While greater availability of P and K and higher pH amounted to higher hay yield in FYM
applied soils in the long-term, differences in hay yield between plots treated with FYM and
those treated with ammonium sulphate were far less pronounced at Palace Leas in the first 5
years following the establishment of the experiment (Fig 5). This was probably due to temporal
Table 5. Mean species cover of the most common plant species present in each fertilizer treatment plot.
Species Functional
group
Cover (%)
Plot number 1 2 3 4 5 6 7 8 9 10 11 12 13 14
Treatmenta FYM
+NPK
FYM FYM
+NPK
FYM FYM
+NPK
Ctrl N P K NP NK PK NPK NPK
Agrostis capillaris Grass 0 0 0.1 0 0 13 20 11 13 24 34 17 24 24
Alopecurus pratensis Grass 51 44 58 44 51 1 0 21 0 8 0 25 11 5
Anthoxanthum
odoratum
Grass 0 1 2 13 6 24 64 33 27 38 62 41 27 34
Bromus hordeaceus Grass 30 28 30 23 33 0.1 0 0 0 1 0 8 2 3
Cynosurus cristatus Grass 0 0 0.1 0.1 1 1 0 11 0.1 0 0 1 0 0
Dactylis glomerata Grass 0 0 0 3 7 0.1 0 4 0 1 0 0 2 7
Festuca rubra Grass 0 0 0 1 0.1 72 38 28 65 39 19 12 46 6
Holcus lanatus Grass 33 26 25 18 23 2 9 8 7 14 2 27 18 36
Lolium perenne Grass 0.1 0 1 3 1 0.1 0 3 0.1 1 0 0.1 0 4
Luzula campestris Grass 0 0 0 0 0 2 23 2 6 3 14 0.1 12 0
Poa trivialis Grass 26 32 13 9 9 0 0 0.1 0 1 0 0.1 0 2
Trisetum flavescens Grass 0 0 0 0 0 0 0 0.1 0 0 0 0 0 0
Anthriscus sylvestris Herb 11 13 1 0.1 1 0 0 0 0 0 0 0 0 0
Bellis perennis Herb 0 0 0 0 0 0 0 1 0 0.1 0 1 0 0
Cerastium fontanum Herb 0 0 0.1 2 2 0.1 0 0.1 0 0 0 0 0 0.1
Conopodium majus Herb 0 0 0 0 0 3 0 0 2 0 0 0 0 0.1
Ficaria verna Herb 0 0 0 0.1 0 0 0 1 0 0 0 0 0 0
Plantago lanceolata Herb 0 0 0 0 0 24 0 17 16 10 0 3 1 0
Ranunculus acris Herb 0 1 2 4 1 0.1 0 1 0.1 0.1 0 5 2 0.1
Ranunculus
bulbosus
Herb 0.1 2 2 3 2 8 0 7 3 5 0 4 1 0.1
Rhinanthus minor Herb 0 0 0 0 0 19 0 19 3 1 0 1 0 0
Rumex acetosa Herb 0.1 2 2 4 4 2 0.1 3 3 8 0.1 8 8 14
Stellaria media Herb 0.1 2 0 0 1 0 0 0 0 0 0 0 0 0
Taraxacum officinale Herb 2 2 0 0 0 0 0 0.1 0 0 0 0.1 0 0
Lathyrus pratensis Legume 0 0 0.1 0.1 0.1 0 0 0.1 0 0 0 2 0 0
Trifolium pratense Legume 0 0 0 0.1 0 12 0 17 10 3 0 7 2 0
Trifolium repens Legume 0 0 0 0 0 3 0 1 0.1 0.1 0 0.1 0.1 0
Vicia sativa Legume 0 0 0 0.1 0 0 0 2 0 0 0 0 0 0
Vicia sepium Legume 0 4 2 1 1 0 0 0 0 0 0 0 0 0
Species with cover <0.5% presented as 0.1%.
a see Table 1 for fertilizer treatment details.
https://doi.org/10.1371/journal.pone.0174632.t005
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differences in the drivers of fertilization. In the short-term, plant growth response to fertiliza-
tion was likely mediated by direct nutrient input, while repeated application of (NH4)2SO4
progressively acidified the soil, resulting in a reduction in nutrient availability [56], and con-
straining plant growth in the long-term. Consistent with our hypothesis, this demonstrates
that there is disparity between short- and long-term ecosystem responses to fertilization and
emphasizes the importance of avoiding extrapolating long-term effects from observations
made from short-term experiments.
Effects of long-term fertilization on SOC stocks and particle-size carbon
fractions
Long-term FYM addition was associated with an increase in total SOC stocks and greater very
fine fraction C stocks, indicative of the mineral-associated C pool, which is typically more sta-
ble. We cannot be certain of the mechanism responsible for C accrual in these soils as FYM
Fig 6. Principal components analysis (PCA) illustrating the variation in the plant species (Δ) dataset
at Palace Leas. Environmental variables including soil and plant variables (dotted arrow) and treatment plot
number (●) are overlain. A. capi = Agrostis capillaris, A. prat = Alopecurus pratensis, A. odor = Anthoxanthum
odoratum, A. sylv = Anthriscus sylvestris, B. pere = Bellis perennis, B. hord = Bromus hordeaceus, C.
maju = Conopodium majus, C. cris = Cynosurus cristatus, F. rubr = Festuca rubra, F. vern = Ficaria verna, H.
lana = Holcus lanatus, L. camp = Luzula campestris, P. triv = Poa trivialis, R. acri = Ranunculus acris, R.
bulb = Ranunculus bulbosus, R. mino = Rhinanthus minor, S. medi = Stellaria media, T. offi = Taraxacum
officinale, T. prat = Trifolium pratense, T. repe = Trifolium repens, T. flav = Trisetum flavescens, V. sati = Vicia
sativa, V. sepi = Vicia sepium.
https://doi.org/10.1371/journal.pone.0174632.g006
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increases C input and buffers acidification simultaneously, making it difficult to evaluate their
individual contribution. However, findings from a recent extensive landscape study suggests
that soils with a higher pH within the observed range do not have greater SOC stocks [61].
While an increase in pH has previously been shown to positively influence SOC, including in
the Park Grass experiment, results indicate that this is unlikely to occur at pH<6 [61, 62]. It
appears more plausible that the positive effects of FYM addition on SOC stocks were due to
increased C input via the direct addition of organic matter in FYM (Table 1). Furthermore,
because FYM addition also increases plant productivity and hence plant litter residues entering
the soil, this could also have increased soil C [35]. C inputs from aboveground litter and root-
derived C have been shown to be a key mechanism in building SOC stocks [63, 64].
An increase in SOC stocks following FYM addition as reported here is similar to the trend
observed globally. A recent meta-analysis demonstrated that average SOC stock difference was
significantly higher where manure was applied (+0.94 kg C ha-1) compared to the unfertilized
control [65]. At Palace Leas, while SOC stock differences between plots treated with manure
only (plot 2 and 4) and the control plot was positive, it was considerably lower (+0.44 kg C
ha-1) than the global average. Lower soil C accrual may be explained by a number of factors,
including differences in soil texture, climatic conditions or land use and management. How-
ever, Maillard and Angers [65] established that with the exception of climate, which would be
expected to favour soil C accumulation at Palace Leas due to the cool temperate climate retard-
ing SOC decomposition, the effects of manure addition on SOC stocks were independent of
these explanatory factors. Alternatively, and congruent with our hypothesis the discrepancy
may have arisen as a consequence of differences in experiment length. SOC stocks at Palace
Leas are at or close to equilibrium [35] due to over a century of continuous management,
which may not be the case in shorter term studies included in the meta-analysis (average 18
years) and which may have included studies recovering from tillage. In short-term experi-
ments, C stocks in both manured and control treatments are likely to fluctuate, hence a tran-
sient SOC stock difference may be observed. Once stocks have stabilized, the difference
between SOC stocks in the FYM applied and the control treatments may be closer to the figure
reported at Palace Leas.
The accumulation of SOC at the soil surface where pH was <4 was strongly associated with
increased acidity (Fig 3). Results indicate that much of this C was stored in the coarse and fine
carbon fractions, rather than being protected against microbial decomposition as mineral-
associated carbon. Given that pH is a key determinant of microbial activity [66], intense acidi-
fication is likely to have reduced rates of litter and SOC decomposition [17] and encouraged
acid tolerant but slower growing plants with slowly decomposing tissues, both of which would
instigate the build-up of organic matter at the soil surface. In the HNPK treated plot high hay
yields and therefore litter inputs may have operated additively to acidification effects to
increase C stocks at 0–5 cm.
Our findings are broadly consistent with the long-term Park Grass experiment, where
organic matter decomposition also appeared to be retarded by N-induced acidification, simi-
larly resulting in an increase in organic matter at the soils surface [35]. In contrast, other long-
term experiments (37 years [67], >100 years [68]) have found no effect of acidification on
SOC stocks. It may be that as these studies sampled deeper soil (0–10 cm and 0–23 cm, respec-
tively) this potentially diluted the trend found here; higher SOC content in the top few centi-
metres of the profile. It is clear from results presented here that soil properties differed greatly
between depths, even within the same treatment plot. Sampling deeper in the soil profile and
treating soil as a homogenous sample is becoming more common and therefore the question
of depth differences has not been addressed in other long-term experiments. Sampling the soil
at finer depth resolution (e.g. in 5 cm layers) may unearth fertilization effects that otherwise
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could potentially be missed. This is likely to be particularly relevant in grasslands where tillage
tends to be less frequent and in acid soils where there is greater vertical stratification [69]. To
our knowledge there is no evidence of the magnitude of the acidification effect on SOC observed
at Palace Leas and Park Grass, broadly equivalent to the early stages of podzol formation, in
short-term experiments. However, it is recognized that it can take decades or centuries for SOC
to reach an equilibrium following management change [26], which highlights the importance of
using long-term experiments to identify the otherwise hidden long-term responses of SOC.
Effects of long-term fertilization on plant properties
In line with our hypothesis long-term fertilization at Palace Leas resulted in significant varia-
tion in botanical composition between the treatment plots, and this is likely to have been
caused by the effects of both direct nutrient input and soil pH changes. Both the higher soil
nutrient status and also less acidic soil conditions in the plots receiving FYM resulted in
enhanced hay yield and shifted the community towards dominance by tall grass species; Alope-
curus pratensis, Bromus hordeaceus and Holcus lanatus which are likely to have outcompeted
herb and legume species for light [70].
In contrast, plots that received mineral fertilizers (apart from the P only) have shifted to
support communities typical of semi-improved acidic grassland. With the exception of the
HNPK treated plot these were low yielding and dominated by short, acid tolerant species
including Anthoxanthum odoratum, Agrostis capillaris, Festuca rubra and Luzula campestris.
Among these communities, the N only and NK treated plots had very low species richness,
while legumes and bryophytes were absent. Like the Park Grass and Steinach Grassland ex-
periments, where species richness was lowest in plots receiving (NH4)2SO4, it is probable
that the cause of the extreme decline in species richness at Palace Leas was also primarily
due to soil acidification [31, 32], which has been shown previously to reduce the availability of
base cations, including K+ and Mg2+ [71], and P availability [72] and increase toxic metal
concentrations.
Despite intense acidification in the plot receiving HNPK, this plot produced high hay yield
and a sward including potentially tall but acid tolerant grass species e.g. Holcus lanatus. A high
hay yield response in the HNPK plot indicates that the positive effect of nutrient input on plant
growth overwhelmed the negative impact of soil acidification in this plot. Unlike the other very
acidic treatmnt plots, low species richness here was likely to be the combined result of both light
exclusion and soil acidification [28]. These responses of species abundances to long-term fertili-
zation are consistent with reports from the Park Grass and Steinach Grassland experiments
where in intensely acidic soils very few species (e.g. Anthoxanthum odoratum and Holcus lana-
tus) could endure the extreme acidic conditions and toxic concentrations of Al [31].
Unfertilized and P only plots contained plant community types typical of traditionally man-
aged and unfertilized meadows. These were also low yielding plots with a low number of tall
grass species but a high abundance of shorter growing herbs such as, Plantago lanceolata and
legumes including Trifolium pratense. These plots also contained the keystone hemiparasite
Rhinanthus minor, which is known to supress the dominance of tall grasses [73], boost plant
species diversity and alter rates of N cycling of the communities it contains [74]. Results from
Park Grass support these findings and show that where N was not applied, species richness
and the cover of legumes was higher. However, in contrast to Park Grass, species richness was
marginally higher in the P only plots at Palace Leas, rather than the control [31, 75]. This
response was unlikely to be due to an increase in P availability as high species richness has
often been associated with low levels of soil P [76]. It seems more reasonable to suggest that
this was due to pH differences as P only plots (pH 4.9) have a higher pH than the control (pH
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4.6). Differences in soil pH may also explain why the total species richness in unfertilized con-
trol plots at Park Grass (plot 3d; pH 5.2, plot 12d; pH 5.1) were considerably greater (3d;
n = 36 species, 12d; n = 42 species) [31] than that observed at Palace Leas (n = 22 species).
The distinct patterns in the plant community dynamics displayed here and at other long-
term fertilized sites are unlikely to be accurately predicted in short-term studies [27]. For
example, in lowland semi-improved and unimproved grasslands in Wales, which received 24 t
FYM ha-1 y-1 for 7 years, plant species density ((mean response in the fertilizer treatment/
mean response in the unfertilized control)[3]) was reduced by 10% and 21%, respectively [77].
Long-term FYM application at approximately the same rate at Palace Leas (plot 2; 20 t FYM
ha-1 y-1) caused plant species density to be reduced by 43%, a considerably greater loss of plant
species compared to this short-term study. Similarly, in a meta-analysis using data compiled
from relatively short-term studies (4–15 years), plant species density was reduced on average
by 28% in response to N fertilization [3], whereas at Palace Leas in the plot applied with only N
fertilizer ((NH4)2SO4) there was a 66% reduction in species density. These findings indicate
that while the direction of short- and long-term fertilization effects may concur, the magnitude
of the effects are markedly different, particularly where long-term ammonium sulphate addi-
tion caused soil acidification. While the magnitude of the effect of fertilization may increase
with experimental length meaning the pattern observed at Palace Leas may have been more
accurate of the long-term response, we acknowledge that the variation in the magnitude of the
effect between studies of different duration may also be a result of other factors, such as; differ-
ences in experimental design, community-specific mechanisms [3] and the species pool able to
colonize the treatment plot [78].
Despite the fact that species loss and compositional change has been reported in nutrient
addition experiments of varying duration [12, 31], the occurrence of a dramatic change in the
vegetation community and species loss as observed here and at Park Grass [79] was potentially
a consequence of very long-term fertilization. A dramatic change in plant community compo-
sition, also known as a regime shift, occurs once a critical environmental threshold has been
surpassed causing a shift in the community to an alternative stable state. However, the dura-
tion of short-term studies may not be sufficient to detect such phenomena, hence without the
use of long-term experiments these events are likely to be missed [79, 80].
Implications of the findings
While global agricultural productivity is heavily dependent on the use of fertilizers [81] our
results demonstrate that their long-term addition can strongly affect several other ecosystem
services. In terms of agricultural production, our results suggest that the addition of ammo-
nium sulphate over long periods of time can cause severe acidification and significantly con-
strain crop productivity compared to where FYM is applied. An increase in soil acidification is
likely to reduce rates of nitrification, solubility of P and base cation availability [8, 56, 82], indi-
cating that crop productivity is unlikely to be maintained by mineral fertilizer addition in the
long-term and will not be economically viable for the farmer. Our results also suggest that the
long-term addition of N-containing fertilizers (both FYM and mineral fertilizer) will strongly
reduce plant diversity, such effects may also reduce the diversity of a range of vertebrate and
invertebrate taxa not measured here [83]. Attempts to remediate these effects could involve
ceasing fertilizer applications and in areas of intense acidity the addition of lime to increase
soil pH. Indeed, a recent study at Park Grass reported that by liming and the cessation of nutri-
ent addition, over time grasslands have the capacity to successfully reverse the negative effects
of long-term fertilization on plant species diversity [84]. However, the extent of remediation
may be compromised where long-term ammonium sulphate addition causes intense acidity as
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grassland recovery is considerably slower [84]. In light of this we suggest that farmers should
maximize nutrient use from FYM to reduce detrimental implications to ecosystem services,
lower investment in mineral fertilizers and so that soil C gains may be realized. While the use
of ammonium sulphate is now less common than in the 20th Century, we suggest even in situa-
tions similar to Palace Leas, where N application rate was relatively low, that soil pH be moni-
tored closely from the onset of fertilization and periodic liming is undertaken to correct a pH
decline and avert the impacts of acidification, rather than after the fact, as grassland recovery is
likely to be slow. Our results also underline the importance of sampling the soil profile with
appropriate resolution with depth, in particular in acid grassland soils which are susceptible to
vertical stratification. By using this approach, we were able to establish that there were similar
patterns in SOC stocks at low pH as those reported at Park Grass, which in other long-term
studies may have been missed. As it often requires decades for ecosystem properties to stabilize
in response to fertilization, short-term experiments may only detect transient or intermediate
effects of fertilization upon ecosystem properties. This, coupled with strong consistencies in
patterns of soil and plant response between long-term fertilizer studies firmly emphasizes the
importance of utilising long-term experiments to better understand long-term ecosystem
responses. However, approaches such as those used here remain somewhat phenomenological,
making our understanding of the relative importance of the pathways and mechanisms that
drive ecosystem responses to fertilization poor. Thus, more attention is required to investigate
the relative importance of direct nutrient, pH and plant community composition mediated
pathways on grassland ecosystem properties in the future.
While findings from long-term experiments clearly still have practical and biological implica-
tions for grassland management, the majority of such experiments were established at a time
when management methods and the intentions of their creators were very different to the ap-
proaches used and the questions posed by the scientific community today. There is a now a need
for new long-term nutrient addition experiments to be established, which take into consideration
current and expected trends in fertilizer management and existing medium-term experiments to
be maintained. Currently, the majority of the world’s longest continuously managed trials are sit-
uated in the USA and across Europe. However, projections suggest that the greatest increases in
fertilization will occur in China, India and other developing countries [2] where the impacts of
fertilization are relatively unknown. Therefore, a strategy must be developed to establish an eco-
nomically secure network of long-term experiments [79] across a range of environmental and cli-
matic gradients, and particular in areas where plant diversity is high [85], the provision of other
ecosystem service are important and fertilizer use is predicted to be most intense.
Supporting information
S1 Table. Soil pH, organic carbon stocks (SOC), total nitrogen content, soil carbon to
nitrogen ratio (C/N), coarse fraction carbon stocks, fine fraction carbon stocks, very fine
fraction carbon stocks and exchangeable Al for the O horizon in treatment plots 7 and 11.
Values are means (±1 SE), n/a indicates not applicable.
(DOCX)
S1 Dataset. Data on soil and plant properties and hay yield used for the analysis.
(XLSX)
Acknowledgments
We thank Fiona Maclachlan, Helen Adamson and Lucy Price for their assistance during the
botanical survey and Peter Shotton, Christopher Bulman and Roy Lamb for their help with
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 21 / 26
laboratory analysis. We also thank Peter Shotton together with William Hewson, Michael
Botha and all those over the years that have helped to apply fertilizer and carry out the annual
hay cut. We are also grateful to Dr Robert Shiel for his knowledge and insight into the history
of the site and for overseeing research and the management at Palace Leas for the last 30 years.
Author Contributions
Conceptualization: JK ES PM.
Data curation: SP PM.
Formal analysis: JK.
Funding acquisition: ES.
Investigation: JK JS SP.
Methodology: JK ES PM.
Project administration: JK ES.
Resources: JK JS SP.
Supervision: ES PM.
Validation: JK PM ES.
Visualization: JK PM JS.
Writing – original draft: JK.
Writing – review & editing: JK PM ES JS SP.
References
1. Galloway JN, Townsend AR, Erisman JW, Bekunda M, Cai ZC, Freney JR, et al. Transformation of the
nitrogen cycle: Recent trends, questions, and potential solutions. Science. 2008; 320(5878):889–92.
https://doi.org/10.1126/science.1136674 PMID: 18487183
2. Alexandratos N, Bruinsma J. World agriculture towards 2030/2050: the 2012 revision. ESA Working
paper No. 12–03. Rome: FAO, 2012.
3. Gough L, Osenberg CW, Gross KL, Collins SL. Fertilization effects on species density and primary pro-
ductivity in herbaceous plant communities. Oikos. 2000; 89(3):428–39.
4. Lee M, Manning P, Rist J, Power SA, Marsh C. A global comparison of grassland biomass responses to
CO2 and nitrogen enrichment. Philosophical Transactions of the Royal Society B: Biological Sciences.
2010; 365(1549):2047–56.
5. Knorr M, Frey SD, Curtis PS. Nitrogen additions and litter decomposition: A meta-analysis. Ecology.
2005; 86(12):3252–7.
6. Elser JJ, Bracken MES, Cleland EE, Gruner DS, Harpole WS, Hillebrand H, et al. Global analysis of
nitrogen and phosphorus limitation of primary producers in freshwater, marine and terrestrial ecosys-
tems. Ecol Lett. 2007; 10(12):1135–42. https://doi.org/10.1111/j.1461-0248.2007.01113.x PMID:
17922835
7. LeBauer DS, Treseder KK. Nitrogen limitation of net primary productivity in terrestrial ecosystems is
globally distributed. Ecology. 2008; 89(2):371–9. PMID: 18409427
8. Chen D, Lan Z, Hu S, Bai Y. Effects of nitrogen enrichment on belowground communities in grassland:
Relative role of soil nitrogen availability vs. soil acidification. Soil Biology and Biochemistry. 2015;
89:99–108.
9. Mack MC, Schuur EAG, Bret-Harte MS, Shaver GR, Chapin FS. Ecosystem carbon storage in arctic
tundra reduced by long-term nutrient fertilization. Nature. 2004; 431(7007):440–3. https://doi.org/10.
1038/nature02887 PMID: 15386009
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 22 / 26
10. Neff JC, Townsend AR, Gleixner G, Lehman SJ, Turnbull J, Bowman WD. Variable effects of nitrogen
additions on the stability and turnover of soil carbon. Nature. 2002; 419(6910):915–7. https://doi.org/10.
1038/nature01136 PMID: 12410307
11. van Groenigen KJ, Six J, Hungate BA, de Graaff MA, van Breemen N, van Kessel C. Element interac-
tions limit soil carbon storage. Proceedings of the National Academy of Sciences of the United States of
America. 2006; 103(17):6571–4. https://doi.org/10.1073/pnas.0509038103 PMID: 16614072
12. Suding KN, Collins SL, Gough L, Clark C, Cleland EE, Gross KL, et al. Functional-and abundance-
based mechanisms explain diversity loss due to N fertilization. Proceedings of the National Academy of
Sciences of the United States of America. 2005; 102(12):4387–92. https://doi.org/10.1073/pnas.
0408648102 PMID: 15755810
13. Tilman D. Secondary succession and the pattern of plant dominance along experimental nitrogen gradi-
ents. Ecological Monographs. 1987; 57(3):189–214.
14. Allan E, Manning P, Alt F, Binkenstein J, Blaser S, Blu¨thgen N, et al. Land use intensification alters eco-
system multifunctionality via loss of biodiversity and changes to functional composition. Ecol Lett. 2015;
18(8):834–43. https://doi.org/10.1111/ele.12469 PMID: 26096863
15. Ramirez KS, Craine JM, Fierer N. Consistent effects of nitrogen amendments on soil microbial commu-
nities and processes across biomes. Glob Change Biol. 2012; 18(6):1918–27.
16. Treseder KK. Nitrogen additions and microbial biomass: a meta-analysis of ecosystem studies. Ecol
Lett. 2008; 11(10):1111–20. https://doi.org/10.1111/j.1461-0248.2008.01230.x PMID: 18673384
17. Janssens IA, Dieleman W, Luyssaert S, Subke JA, Reichstein M, Ceulemans R, et al. Reduction of for-
est soil respiration in response to nitrogen deposition. Nature Geoscience. 2010; 3(5):315–22.
18. Fierer N, Lauber CL, Ramirez KS, Zaneveld J, Bradford MA, Knight R. Comparative metagenomic, phy-
logenetic and physiological analyses of soil microbial communities across nitrogen gradients. ISME
Journal. 2012; 6(5):1007–17. https://doi.org/10.1038/ismej.2011.159 PMID: 22134642
19. Leff JW, Jones SE, Prober SM, Barbera´n A, Borer ET, Firn JL, et al. Consistent responses of soil micro-
bial communities to elevated nutrient inputs in grasslands across the globe. Proceedings of the National
Academy of Sciences. 2015; 112(35):10967–72.
20. Vitousek PM, Aber JD, Howarth RW, Likens GE, Matson PA, Schindler DW, et al. Human alteration of
the global nitrogen cycle: Sources and consequences. Ecol Appl. 1997; 7(3):737–50.
21. Manning P. The impact of nitrogen enrichment on ecosystems and their services. In: Wall DH, Bardgett
RD, Behan-Pelletier V, Herrick JE, Jones TH, Ritz K, et al., editors. Soil Ecology and Ecosystem Ser-
vices. Oxford, UK: Oxford University Press; 2012. p. 256–69.
22. Sutton MA, Howard CM, Erisman JW, Billen G, Bleeker A, Grennfelt P, et al. The European nitrogen
assessment: sources, effects and policy perspectives. Cambridge, UK: Cambridge University Press;
2011.
23. Galloway JN, Dentener FJ, Capone DG, Boyer EW, Howarth RW, Seitzinger SP, et al. Nitrogen cycles:
past, present, and future. Biogeochemistry. 2004; 70(2):153–226.
24. De Vries FT, Hoffland E, van Eekeren N, Brussaard L, Bloem J. Fungal/bacterial ratios in grasslands
with contrasting nitrogen management. Soil Biology and Biochemistry. 2006; 38(8):2092–103.
25. Bradford MA, Fierer N, Reynolds JF. Soil carbon stocks in experimental mesocosms are dependent on
the rate of labile carbon, nitrogen and phosphorus inputs to soils. Functional Ecology. 2008; 22(6):964–
74.
26. Johnston AE, Poulton PR, Coleman K. Chapter 1 Soil Organic Matter: Its Importance in Sustainable
Agriculture and Carbon Dioxide Fluxes. Advances in Agronomy. 101: Academic Press; 2009. p. 1–57.
27. Silvertown J, Poulton P, Johnston E, Edwards G, Heard M, Biss PM. The Park Grass Experiment
1856–2006: Its contribution to ecology. J Ecol. 2006; 94(4):801–14.
28. Silvertown J. The dynamics of a grassland ecosystem—Botanical equilibrium in the Park Grass Experi-
ment J Appl Ecol. 1980; 17(2):491–504.
29. Christensen BT. Physical fractionation of soil and structural and functional complexity in organic matter
turnover. Eur J Soil Sci. 2001; 52(3):345–53.
30. Blu¨thgen N, Dormann CF, Prati D, Klaus VH, Kleinebecker T, Ho¨lzel N, et al. A quantitative index of
land-use intensity in grasslands: integrating mowing, grazing and fertilization. Basic and Applied Ecol-
ogy. 2012; 13(3):207–20.
31. Crawley MJ, Johnston AE, Silvertown J, Dodd M, de Mazancourt C, Heard MS, et al. Determinants of
species richness in the park grass experiment. Am Nat. 2005; 165(2):179–92. https://doi.org/10.1086/
427270 PMID: 15729649
32. Hejcman M, Sochorova´ L, Pavlů V, Sˇ trobach J, Diepolder M, Schellberg J. The Steinach Grassland
Experiment: Soil chemical properties, sward height and plant species composition in three cut alluvial
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 23 / 26
meadow after decades-long fertilizer application. Agriculture, Ecosystems & Environment. 2014;
184:76–87.
33. Hejcman M,Česˇkova´ M, Schellberg J, Pa¨tzold S. The Rengen Grassland Experiment: Effect of Soil
Chemical Properties on Biomass Production, Plant Species Composition and Species Richness. Folia
Geobotanica. 2010; 45(2):125–42.
34. Zhalnina K, Dias R, de Quadros P, Davis-Richardson A, Camargo FO, Clark I, et al. Soil pH Determines
Microbial Diversity and Composition in the Park Grass Experiment. Microb Ecol. 2015; 69(2):395–406.
https://doi.org/10.1007/s00248-014-0530-2 PMID: 25395291
35. Hopkins DW, Waite IS, McNicol JW, Poulton PR, Macdonald AJ, O’Donnell AG. Soil organic carbon
contents in long-term experimental grassland plots in the UK (Palace Leas and Park Grass) have not
changed consistently in recent decades. Glob Change Biol. 2009; 15(7):1739–54.
36. Shiel RS. Variation in amounts of carbon and nitrogen associated with particle size fractions of soils
from the Palace Leas meadow hay plots. Journal of Soil Science. 1986; 37(2):249–57.
37. Coleman SY, Shiel RS, Evans DA. The effects of weather and nutrition on the yield of hay from Palace
Leas meadow hay plots, at Cockle Park Experimental Farm, over the period from 1897 to 1980. Grass
Forage Sci. 1987; 42(4):353–8.
38. Jenkins SN, Waite IS, Blackburn A, Husband R, Rushton SP, Manning DC, et al. Actinobacterial com-
munity dynamics in long term managed grasslands. Antonie Van Leeuwenhoek International Journal of
General and Molecular Microbiology. 2009; 95(4):319–34.
39. Shiel RS, Hopkins DW. Effect of long-term fertiliser and manure treatments on the botanical composi-
tion of the Palace Leas meadow hay plots. Proceedings of the North of England Soils Discussion Group
1991; 26:35–56.
40. Hopkins DW, Waite IS, O’Donnell AG. Microbial biomass, organic matter mineralization and nitrogen in
soils from long-term experimental grassland plots (Palace Leas meadow hay plots, UK). Eur J Soil Sci.
2011; 62(1):95–104.
41. Jarvis RA, Hartnup RI, Allison JW. Cockle Park Soil Map. Soil Survey of England and Wales. Harpen-
den, UK1977.
42. Arnold PW, Hunter F, Gonzalez-Fernandez P. Long term grassland experiments at Cockle Park.
Annales Agronomique. 1976; 27:1027–42.
43. Rodwell JS. British Plant Communities, Volume 3. Grasslands and montane communities. Cambridge,
UK: Cambridge University Press; 1998.
44. Simkin JM. Grassland vegetation change over time in response to fertiliser treatments Aspects of
Applied Biology. 2015; 128:75–84.
45. Fisher RA. The Design of Experiments. Edinburgh, UK: Oliver and Boyd; 1935.
46. Defra. Fertiliser manual (RB209). 8 ed. London, UK: Department for Environment, Food and Rural
Affairs: The Stationary Office; 2010.
47. Shiel RS, Rimmer DL. Changes in soil structure and biological activity on some meadow hay plots at
Cockle Park, Northumberland. Plant and Soil. 1984; 76(1–3):349–56.
48. De Deyn GB, Shiel RS, Ostle NJ, McNamara NP, Oakley S, Young I, et al. Additional carbon sequestra-
tion benefits of grassland diversity restoration. J Appl Ecol. 2011; 48(3):600–8.
49. Watanabe FS, Olsen SR. Test of an ascorbic acid method for determining phosphorus in water and
NaHCO3 extracts from soil. Soil Science Society of America Journal. 1965; 29(6):677–8.
50. Murphy J, Riley JP. A modified single solution method for the determination of phosphate in natural
waters. Analytica chimica acta. 1962; 27:31–6.
51. MAFF. The Analysis of Agricultural Materials: A Manual of the Analytical Methods Used by the Agricul-
tural Development and Advisory Service: H.M. Stationery Office; 1986.
52. Rowell DL. Soil science: methods and applications. Harlow, UK: Longman Scientific & Technical;
1994. 350 p.
53. R Core Team. R: A language and environment for statistical computing. Vienna, Austria: R Foundation
for Statistical Computing; 2015. p.
54. ter Braak CJF, Smilauer P. CANOCO reference manual and CanoDraw for Windows user’s guide: soft-
ware for canonical community ordination (version 4.5): Microcomputer power, Itaca, www.canoco.com;
2002.
55. Hill MO. TableFit version 2. Wallingford, UK: Centre for Ecology and Hydrology; 2015.
56. Haynes RJ, Mokolobate MS. Amelioration of Al toxicity and P deficiency in acid soils by additions of
organic residues: a critical review of the phenomenon and the mechanisms involved. Nutrient Cycling in
Agroecosystems. 2001; 59(1):47–63.
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 24 / 26
57. Rothamsted Research. Electronic Rothamsted Archive 2016 [January 2016]. Available from: http://
www.era.rothamsted.ac.uk/index.php.
58. O’Donnell A, Seasman M, Macrae A, Waite I, Davies J. Plants and fertilisers as drivers of change in
microbial community structure and function in soils. Plant and Soil. 2001; 232(1–2):135–45.
59. Guo JH, Liu XJ, Zhang Y, Shen JL, Han WX, Zhang WF, et al. Significant Acidification in Major Chinese
Croplands. Science. 2010; 327(5968):1008–10. https://doi.org/10.1126/science.1182570 PMID:
20150447
60. Warren RG, Johnston AE. The Park Grass Experiment. Rothamsted Experimental Station Report for
1963. 1964:240–62.
61. Manning P, de Vries FT, Tallowin JRB, Smith R, Mortimer SR, Pilgrim ES, et al. Simple measures of cli-
mate, soil properties and plant traits predict national-scale grassland soil carbon stocks. J Appl Ecol.
2015; 52(5):1188–96.
62. Fornara DA, Steinbeiss S, McNamara NP, Gleixner G, Oakley S, Poulton PR, et al. Increases in soil
organic carbon sequestration can reduce the global warming potential of long-term liming to permanent
grassland. Glob Change Biol. 2011; 17(5):1925–34.
63. Tilman D, Hill J, Lehman C. Carbon-negative biofuels from low-input high-diversity grassland biomass.
Science. 2006; 314(5805):1598–600. https://doi.org/10.1126/science.1133306 PMID: 17158327
64. Fornara DA, Tilman D. Soil carbon sequestration in prairie grasslands increased by chronic nitrogen
addition. Ecology. 2012; 93(9):2030–6. PMID: 23094375
65. Maillard E, Angers DA. Animal manure application and soil organic carbon stocks: a meta-analysis.
Glob Change Biol. 2014; 20(2):666–79.
66. Chen D, Li J, Lan Z, Hu S, Bai Y. Soil acidification exerts a greater control on soil respiration than soil
nitrogen availability in grasslands subjected to long-term nitrogen enrichment. Functional Ecology.
2015; 30(4):658–69.
67. Kemmitt SJ, Wright D, Goulding KWT, Jones DL. pH regulation of carbon and nitrogen dynamics in two
agricultural soils. Soil Biology and Biochemistry. 2006; 38(5):898–911.
68. Pietri JCA, Brookes PC. Relationships between soil pH and microbial properties in a UK arable soil. Soil
Biology and Biochemistry. 2008; 40(7):1856–61.
69. Conyers MK, Heenan DP, Poile GJ, Cullis BR, Helyar KR. Influence of dryland agricultural management
practices on the acidification of a soil profile. Soil and Tillage Research. 1996; 37(2–3):127–41.
70. Hautier Y, Niklaus PA, Hector A. Competition for light causes plant biodiversity loss after eutrophication.
Science. 2009; 324(5927):636–8. https://doi.org/10.1126/science.1169640 PMID: 19407202
71. Marschner H, Marschner P. Marschner’s Mineral Nutrition of Higher Plants: Academic Press; 2012.
72. Haynes RJ. Effects of liming on phosphate availability in acid soils. Plant and Soil. 1982; 68(3):289–
308.
73. Pywell RF, Bullock JM, Walker KJ, Coulson SJ, Gregory SJ, Stevenson MJ. Facilitating grassland diver-
sification using the hemiparasitic plant Rhinanthus minor. J Appl Ecol. 2004; 41(5):880–7.
74. Bardgett RD, Smith RS, Shiel RS, Peacock S, Simkin JM, Quirk H, et al. Parasitic plants indirectly regu-
late below-ground properties in grassland ecosystems. Nature. 2006; 439:969–72. https://doi.org/10.
1038/nature04197 PMID: 16495998
75. Fornara DA, Banin L, Crawley MJ. Multi-nutrient vs. nitrogen-only effects on carbon sequestration in
grassland soils. Glob Change Biol. 2013; 19(12):3848–57.
76. Venterink HO, Wassen MJ, Belgers JDM, Verhoeven JTA. Control of environmental variables on spe-
cies density in fens and meadows: importance of direct effects and effects through community biomass.
J Ecol. 2001; 89(6):1033–40.
77. Kirkham FW, Tallowin JRB, Sanderson RA, Bhogal A, Chambers BJ, Stevens DP. The impact of
organic and inorganic fertilizers and lime on the species-richness and plant functional characteristics of
hay meadow communities. Biological Conservation. 2008; 141(5):1411–27.
78. Tilman D. Species richness of experimental productivity gradients—how important is colonization limita-
tion? Ecology. 1993; 74(8):2179–91.
79. Silvertown J, Tallowin J, Stevens C, Power SA, Morgan V, Emmett B, et al. Environmental myopia: a
diagnosis and a remedy. Trends Ecol Evol. 2010; 25(10):556–61. https://doi.org/10.1016/j.tree.2010.
06.015 PMID: 20674072
80. Schroder A, Persson L, De Roos AM. Direct experimental evidence for alternative stable states: a
review. Oikos. 2005; 110(1):3–19.
81. Erisman JW, Sutton MA, Galloway J, Klimont Z, Winiwarter W. How a century of ammonia synthesis
changed the world. Nature Geoscience. 2008; 1(10):636–9.
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 25 / 26
82. Stevens CJ, Manning P, van den Berg LJL, de Graaf MCC, Wamelink GWW, Boxman AW, et al. Eco-
system responses to reduced and oxidised nitrogen inputs in European terrestrial habitats. Environ Pol-
lut. 2011; 159(3):665–76. https://doi.org/10.1016/j.envpol.2010.12.008 PMID: 21215502
83. Manning P, Gossner MM, Bossdorf O, Allan E, Zhang Y- Y, Prati D, et al. Grassland management inten-
sification weakens the associations among the diversities of multiple plant and animal taxa. Ecology.
2015; 96(6):1492–501.
84. Storkey J, Macdonald AJ, Poulton PR, Scott T, Ko¨hler IH, Schnyder H, et al. Grassland biodiversity
bounces back from long-term nitrogen addition. Nature. 2015; 528(7582):401–4. https://doi.org/10.
1038/nature16444 PMID: 26633635
85. Phoenix GK, Hicks WK, Cinderby S, Kuylenstierna JCI, Stock WD, Dentener FJ, et al. Atmospheric
nitrogen deposition in world biodiversity hotspots: the need for a greater global perspective in assessing
N deposition impacts. Glob Change Biol. 2006; 12(3):470–6.
Ecosystem responses to long-term fertilization
PLOS ONE | https://doi.org/10.1371/journal.pone.0174632 March 28, 2017 26 / 26
